The classical view of the gene prevailing during the 1910s and 1930s comprehended the gene as the indivisible unit of genetic transmission, genetic recombination, gene mutation and gene function. The discovery of intragenic recombination in the early 1940s led to the neoclassical concept of the gene, which prevailed until the 1970s. In this view the gene or cistron, as it was now called, was divided into its constituent parts, the mutons and recons, materially identi®ed as nucleotides. Each cistron was believed to be responsible for the synthesis of one single mRNA and concurrently for one single polypeptide. The discoveries of DNA technology, beginning in the early 1970s, have led to the second revolution in the concept of the gene in which none of the classical or neoclassical criteria for the de®nition of the gene hold strictly true. These are the discoveries concerning gene repetition and overlapping, movable genes, complex promoters, multiple polyadenylation sites, polyprotein genes, editing of the primary transcript, pseudogenes and gene nesting. Thus, despite the fact that our comprehension of the structure and organization of the genetic material has greatly increased, we are left with a rather abstract, open and general concept of the gene. This article discusses past and present contemplations of genes, genomes, genotypes and phenotypes as well as the most recent advances of the study of the organization of genomes.
I. INTRODUCTION
The gene is operationally de®ned on the basis of four genetic phenomena: genetic transmission, genetic recombination, gene mutation, and gene function. These criteria of de®nition are interdependent; we cannot, for example, observe genetic recombination without transmission, while on the in 1904 he showed that chromosomes preserved their individuality during cell division (Boveri, 1904) . Both these characteristics of chromosomes are naturally necessary properties of the hereditary material.
The chromosome theory of inheritance developed as a precise theory due to the work of the Morgan school. They observed (Morgan et al., 1915; Morgan, 1919) that the number of linkage groups (i.e., the group of genes that show linkage during genetic transmission, or in other words do not obey the law of independent assortment) was the same in Drosophila melanogaster as the haploid number of chromosomes of that species. Sturtevant (1913) was able to map six sex-linked genes of D. melanogaster into a linear order, and called attention to the fact that the linear structure of the linkage group corresponded to that of the chromosome. In fact, there is an epistemological correspondence between the concepts of the linkage group and the chromosome. These facts were, however, only indirect evidence in favor of the chromosome theory of inheritance. The ®rst direct evidence was obtained by Bridges (1916) , who was able to show that a certain abnormal behavior of sex-linked genes, in other words genes that reside on the sex chromosomes, of D. melanogaster, namely, non-disjunction, corresponded to the analogous non-disjunction of the sex chromosomes. Further direct evidence was gained when Muller and Painter (1929) and Dobzhansky (1929) demonstrated that X-ray-induced structural changes of the chromosomes were associated with corresponding changes in the linkage relations of the genes. This was the ®rst step towards the physical mapping of genes, which Bridges (1935 Bridges ( , 1937 Bridges ( , 1938 then carried much further when he was able to map genes on the salivary gland giant chromosomes, i.e., polytenous chromosomes of the larval salivary gland cells with the typical appearance of a structural organization with transverse bands, of D. melanogaster, in the best case to an accuracy of a single chromosome band. Earlier Painter (1934) had discovered the value of salivary gland chromosomes in genetics when he showed that structural changes in Drosophila linkage groups can be correlated with changes in the sequence of transverse discs or bands in these chromosomes.
The gene as the unit of mutation became apparent from the fact that the mutant alleles of a single gene were mutually exclusive. Thus, the gene was believed to change in the event of mutation as a single unit. This view gained further support when Muller (1927 Muller ( , 1928 showed that X-rays increase the number of mutations in linear proportion to the amount of radiation. Since it was known that radiation was quantated, it was believed that the genetic material was likewise quantated, the gene being the atom of genetics.
The gene as the unit of gene function is de®ned on the basis of the complementation test. In that test, if the heterozygote a/b is phenotypically mutant, a and b are alleles of the same gene and produce the same phenotype, provided of course, that a and b are recessive mutations. If, on the other hand, a and b complement each other in such a way that the heterozygote is phenotypically of the wild type (normal), a and b are mutations of different genes, and thus the genotype will be written as a/b.
The nature of gene function was substantially speci®ed by Beadle and Tatum (1941) and Srb and Horowitz (1944) when they showed, using Neurospora crassa (Ascomycetes) as their experimental organism, that genes control the synthesis of enzymes, and in particular that each individual gene is responsible for the synthesis of a single enzyme. This one gene-one enzyme hypothesis was the culmination of the classical view of the gene.
II. CONCEPTIONS OF THE GENE
The Breakdown of the Classical View of the Gene The classical concept of the gene started to break down as soon as it had been completely formulated. Namely, Oliver (1940) and Lewis (1941) observed the phenomenon of intragenic recombination in Drosophila melanogaster. Mutations, which on the basis of the complementation test were alleles, recombined with a very low frequency. Thus, the atom of genetics was not indivisible. Green and Green (1949) were able to map mutations of the lozenge locus of D. melanogaster into linear order. Roper (1950) and Pontecorvo (1952) carried the analysis even further. They observed intragenic recombination within genes in the ascomycete Aspergillus nidulans, which were known to control the synthesis of one single enzyme. Bonner (1950) and Giles (1952) observed the same in Neurospora crassa. Pritchard (1955) was the ®rst to demonstrate with microbic fungi that mutations within a single gene could be mapped into linear order by means of recombination.
The Neoclassical Concept of the Gene Our comprehension of the nature of the genetic material became more accurate when Avery et al. (1944) demonstrated that the substance causing transformation in bacteria was DNA. Transformation had been discovered by Grif®th (1928) . He observed that killed bacterial cells injected into mice were able to transform genetically different living bacteria into their own kind. Dawson and Sia (1931) and Alloway (1932) demonstrated transformation in vitro in a cell-free extract. Avery's group (Avery et al., 1944) was able to isolate from this extract the substance which was responsible for transformation. That substance was DNA. Thus, genes consisted of DNA. Further support for the DNA theory of inheritance was gained when Hershey and Chase (1952) demonstrated that DNA is the only component of bacterial virus that enters its bacterial host, and therefore it must be presumed to be the sole bearer of viral genetic information.
From the point of view of the conceptual framework of genetics, the experiments of Benzer (1955 Benzer ( , 1957 Benzer ( , 1959 Benzer ( , 1961 involving the genetic ®ne structure of the bacteriophage T4 rII-region turned out to be of fundamental importance. With the aid of a selective technique, he was able to map hundreds of mutations of that region into a linear order. The gene as the unit of function was not indivisible; within the gene, independently mutating mutation sites existed, which could be separated from one another by means of genetic recombination. Benzer created a new terminology. He called the unit of genetic function the``cistron''. The cistron is operationally de®ned with the aid of the cis-trans test (Fig. 1) . In the cis-trans test, cis-and trans- Fig. 1 . The principle of the cis-trans test. If mutations a and b belong to the same cistron, the phenotypes of the cis-and trans-heterozygotes are different. If, however, the mutations belong to different cistrons the cis-and trans-heterozygotes are phenotypically similar. The notion``works'' on the ®gure means that the cistron is able to produce a functional polypeptide. Mutations a and b are recessive mutations which produce the same phenotype.
HISTORICAL DEVELOPMENT OF THE CONCEPT OF THE GENE heterozygotes are compared. In the cis-heterozygote the mutations are in the same chromosome, but in the trans-heterozygote they are in homologous chromosomes. Thus, the genotype of the cis-heterozygote is designated as a b/, and that of the trans-heterozygote as a/b. If the cis-heterozygote is of a wild type phenotype and the trans-heterozygote is mutant, a and b are mutations of the same cistron. If, however, both cis-and trans-heterozygotes are phenotypically of a wild type, a and b are mutations of different cistrons.
(Mutations a and b are recessive mutations producing the same phenotype, and the symbols refer to their normal counterparts). The cistron is a synonym for the gene, but this term should be used only when it is based on the cis-trans test or biochemical evidence, which will be dealt with later. The smallest unit of recombination Benzer called the``recon'', and the smallest unit of mutation the``muton''. The recon is the smallest unit of genetic material which can be separated from other such units by means of genetic recombination but which cannot be divided further. A muton is the smallest unit of genetic material a change in which is suf®cient to cause a mutant phenotype. Benzer also called attention to the correspondence between the linear internal structure of the cistron and the linear structure of the DNA molecule referring to the famous model of DNA structure by Watson and Crick (1953) . The linear structure of the DNA molecule was demonstrated already in the late 1930s by William T. Astbury and Thorbjo Èrn Caspersson together with Florence Bell by using X-ray structural analysis (see Jahn, 1998) . Dounce (1952) and Gamow (1954) independently presented the so-called colinearity hypothesis, according to which the linear structure of DNA determines the linear primary structure of a polypeptide. The colinearity hypothesis was shown to be true by Sarabhai et al. (1964) and Yanofsky et al. (1964 Yanofsky et al. ( , 1967 , by comparing the genetic map of the T4 phage coat protein gene and the corresponding primary structure of the polypeptide, and also by comparing the genetic map of the tryptophane synthetase gene of Escherichia coli with the corresponding primary structure of the polypeptide. In other words, Yanofsky's group demonstrated the co-linearity of mutant nucleotide sites and the corresponding mutated aminoacyl polypeptide sites. Further, Yanofsky's group was able to show that the material counterpart of a cistron was that part of the DNA molecule which coded information for the synthesis of a single polypeptide. This they demonstrated by showing that all the mutations of the E. coli tryptophan synthethase A-protein were mutations of the A-cistron, and likewise the mutations of the B-protein of the B-cistron. Finally, by studying the A-protein of the tryptophan synthethase Yanofsky's group was able to show that the material counterpart of both recon and muton was one single nucleotide pair in the structure of DNA (Crawford & Yanofsky, 1958; Yanofsky & Crawford, 1959) . Thus, the cornerstone of the neoclassical view of the gene became the one cistron/one polypeptide hypothesis, which replaced the old one gene/one enzyme hypothesis. (An enzyme molecule can consist of a single polypeptide molecule, but usually it consists of several identical [homomultimer] or non-identical [heteromultimer] polypeptides). Thus, the problem was how the information encoded in DNA for the assembly of speci®c amino acid sequences of the polypeptides was in fact constructed.
The idea was proposed, therefore, that the heterocatalytic function of DNA is a two-stage process. In the ®rst stage of this process, each DNA gene would serve as a template for the synthesis of RNA molecules onto which the precise nucleotide sequence making up that gene, and hence its encoded amino acid sequence information, is transcribed into RNA molecules. After their transcription on the DNA template, these RNA molecules were then imagined to migrate to the cytoplasm, where in the second stage of the heterocatalytic function their nucleotide sequences would be translated into polypeptide chains of predetermined primary structure (see Stent, 1971; Watson, 1963 for narrative reviews of this part of the history of the concept of the gene).
According to an early version of the theory of the information structure of protein synthesis, the RNA transcript was thought to provide the RNA moieties for newly formed ribosomes. Hence, each gene was imagined to give rise to the formation of one specialized kind of ribosome, which in turn would direct the synthesis of one and only one kind of protein ± a scheme that Brenner, Jacob, and Meselsohn (1961) epitomized as the``one gene/one ribosome/one protein'' hypothesis.
Under the``one gene-one ribosome-one protein'' hypothesis, one would have expected a burst of ribosomal RNA synthesis following phage infection of bacterial cells, while the phage-infected cell is renovated for future production of the polypeptide chains encoded in the phage DNA. But contrary to that expectation, Cohen (1948) had found that upon infection of Escherichia coli with T2 phage, net synthesis of RNA, and hence of ribosomes, not only does not accelerate but comes to a stop, indicating that the synthesis of new kinds of ribosomes is not a precondition for the synthesis of new kinds of proteins. This observation was subsequently con®rmed by Manson (1953) . and , however, were able to detect a small amount of RNA synthesis in the bacterial host cell of virus-infected bacteria by using isotopically labeled precursors. Extending this ®nding, Astrachan (1956a, 1956b ) measured phosphorus incorporation into the RNA of different subcellular fractions of E. coli after phage infection. The remarkable ®nding was that the purine-pyrimidine base composition of the RNA of bacterial cells after T7 phage infection is signi®cantly different than that of E. coli ribosomal RNA and instead resembles more closely that of the T7 phage DNA, indicating that the RNA was virus speci®c (Volkin et al., 1958) . Subsequently, Volkin (1960) measured a rapid turnover of RNA formed after infection, it having a short half-life of the order of a few minutes, and found that phage production would not occur in the absence of this fraction. Davern and Meselson (1960) and Riley et al. (1960) obtained similar results, i.e., that the RNA involved in phage infection was unstable, unlike the ribosomal RNA, which was stable. Thus, the hypothesis developed that protein synthesis was concluded by the unstable virus-speci®c RNA and not by the ribosomal RNA.
The time was thus ripe to present direct evidence of the role of RNA in protein synthesis. This was done by Brenner et al. (1961) , when they showed with the aid of heavy carbon isotopes and ultra-centrifugation that in phage infection it was indeed the RNA of the phage and not the bacterium which was responsible for the synthesis of the phage coat protein. Jacob and Monod (1961) had proposed the name messenger RNA (mRNA) for this protein-synthesisconducting RNA. Thus, the neoclassical view of the gene culminated in a theory according to which one gene or cistron controls the synthesis of one messenger RNA molecule, which in turn controls the synthesis of one polypeptide.
The Breakdown of the Neoclassical Gene Concept and the Modern Concept of the Gene
The breakdown of the neoclassical concept of the gene started in the beginning of the 1970s, with the new discoveries of gene technology and molecular biology. These were the discoveries of repeated genes, interrupted genes and alternative splicing, the special case of immunoglobulin genes, overlapping genes, movable genes, complex promoters, multiple polyadenylation sites, polyprotein genes, the editing of messenger RNA and nested genes. Such observations have led to a situation where none of the classical or the neoclassical criteria of the de®nition of the gene hold strictly true. We, therefore, have to adopt a new, open, general and abstract concept of the gene, despite the fact that our comprehension of the nature and organization of the genetic material has greatly increased. Linn and Arber (1968) and Meselson and Yuan (1968) found speci®c restriction endonucleases, i.e., enzymes that cut DNA in bacteria, which act when the latter defend themselves against the attack of bacteriophages; thus, these enzymes restrict the host range of the bacteriophages. Smith and Wilcox (1970) were able to purify these enzymes, and Kelly and Smith (1970) , Danna and Nathans (1971) , and Sharp et al. (1973) determined their mode of action. These enzymes cut DNA molecules each at a speci®c site. These observations made it possible to isolate genes, to clone them and analyze their biochemical structure in great detail. Following the action of restriction endonucleases, there often arise so-called cohesive ends in the DNA molecules (Merz & David, 1972) , which tend to join together. By this means it is possible, for example, to join together DNA from any eukaryotic organism and that from bacterial plasmids. Such recombinant DNA molecules were ®rst constructed by Jackson et al. (1972) , Lobban and Kaiser (1973) and Cohen et al. (1973) . Cloned DNA molecules can be physically mapped, using the cutting points of the restriction endonucleases as markers, (Southern, 1975) and sequenced by means of sophisticated biochemical methods (Maxam & Gilbert, 1977; .
Genetic Discoveries
Repeated Genes Waring and Britten (1966) and Britten and Kohne (1967 , 1968a , 1968b were the ®rst to observe repeated DNA sequences in many organisms by means of the reassociation kinetics of DNA, the organization of single-stranded DNA molecules experimentally into double stranded molecules. The ®rst observations of repeated structural genes, i.e., genes that encode for RNA or proteins, concerned amphibian ribosomal RNA genes (genes that encode for the RNA structural part of the cytoplasmic particles called ribosomes on which protein synthesis occurs) (Miller & Beatly, 1969a , 1969b , 1969c and sea urchin histone genes (Weinberg et al., 1972) .
The genes of ribosomal RNA are repeated in several tandem copies. Each one consists of one transcription unit, but the gene cluster is usually transmitted from one generation to the next as a single unit. Thus, the units of transmission and transcription are not always the same. Likewise, the histone genes have been observed to be repeated in such tandem repeats in many higher eukaryotic organisms (Lewin, 1980a) .
Interrupted Genes and Alternative Splicing
The ®rst observations of interrupted (split) genes, i.e., genes in which there are noncoding intron sequences between the coding exon sequences, were made in animal viruses in 1977 (Berget et al., 1978; Broker et al., 1978; Westphal & Lai, 1978) . These observations were based on physical mapping of the inner structure of the genes by means of so-called Southern blotting (Southern, 1975) . In this method, DNA fragments created by restriction endonucleases are separated according to their size in electrophoresis.
Almost at the same time as the virus observations, split genes were also found in eukaryotic organisms (Bell et al., 1980; Breathnach et al., 1977; Jeffreys & Flavel, 1977; Konkel et al., 1978; Lomedico et al., 1979; Tilghman et al., 1978; Wozney et al., 1981a Wozney et al., , 1981b Yamada et al., 1980) . Since then, split genes have been found in all eukaryotic organisms investigated and their viruses, and it can be said that interrupted genes are the rule rather than the exception in the organization of the genes of multicellular eukaryotic organisms. In unicellular eukaryotic organisms, they are found to a lesser extent. However, there are exceptions among multicellular organisms too, of which the evolutionarily old histone genes are worth mentioning (Kedes, 1979) .
In terms of the concept of the gene, interrupted genes constitute an interesting case in two respects. Firstly, the existence of introns between the coding exons shows that there is no one-to-one colinear relation between the gene and the polypeptide; coding sequences are interrupted by noncoding DNA. Secondly, tissue and stage-speci®c alternative splicing occurs in certain genes when interrupted genes produce messenger RNA. The interrupted gene produces a primary transcription product, a heterogenous nuclear RNA molecule, in which both exons and introns are represented. Introns, however, are removed from the primary transcript during the processing of messenger RNA in speci®c splicing reactions. Splicing is usually constitutive, which means that all exons are joined together in the order in which they occur in the heterogenous nuclear RNA. In many genes, however, alternative splicing has also been observed, in which the exons may be combined in some other way (Fig. 2) . For example, some exon or exons may be skipped in the splicing reaction. The primary order of the exons is not, however, altered even in alternative splicing. Thus, alternative splicing makes it possible for a single gene to produce more than one messenger RNA molecule, which contradicts the basic conceptual framework of the neoclassical view of the gene.
Alternative splicing was ®rst observed in animal viruses (Berk & Sharp, 1978a; Canaani et al., 1979; Chost et al., 1978a Chost et al., , 1978b Crawford et al., 1978; Flavell et al., 1979; Horowitz et al., 1978; Lai et al., 1978; Paucha et al., 1978) . The ®rst observations of alternative splicing in the genes of eukaryotes concerned murine immunoglobulin genes (Early et al., 1979 (Early et al., , 1980 Moore et al., 1981; Sakano et al. 1979a ). Since then, alternative splicing has been observed in hundreds of genes in various eukaryotic organisms, man included (see Lewin, 1980b for review).
The tissue speci®city of alternative splicing was ®rst shown in the ®brinogene genes of rat and man (the gene which encodes for the ®brinogene protein, the precursor for ®brin) (Crabtree & Kant, 1983) . The ®rst observations of developmental stage speci®city concerned the alcohol dehydrogenase gene of Drosophila melanogaster (the gene that encodes for the alcohol dehydrogenase enzyme, an enzyme of alcohol metabolism) (Benyajati et al., 1983) . The ®rst demonstration that alternative splicing was both tissue and stage-speci®c concerned the trompomyosin gene of D. melanogaster and rat (Basi et al., 1984; Medford et al., 1984) . The tissue and stage speci®city of Internal acceptor and donor sites are splicing sites that lie entirely within potential RNA coding sequence which may or may not incorporate a casette exon into mRNA. E. A retained intron can be viewed as an`optional' intron contained within a larger exon, and may or may not be incorporated into mRNA depending on whether the donor-acceptor pair will be failed to be spliced or to be spliced (Andreadis et al., 1987) .
alternative splicing naturally constitutes a previously unknown and effective mechanism of gene regulation.
Immunoglobulin Genes
The enormous versatility of antibodies was for a long time a dif®cult problem in genetics. How was it possible that in the genome there was room for the codes of millions of different antibodies? The matter was solved when it became clear that the functional genes of immunoglobulins mature by means of somatic recombination from a few units in the germ line during the maturation of immune cells. Each antibody molecule is a tetramere, consisting of two identical light chains and two identical heavy chains. Each chain consists of a constant and a variable region. In the genome of the germ line, there are many genes for the variable region and a few genes for the constant region. In somatic recombination, these can be combined during the maturation of the functional antibody gene into several thousands of different combinations whereby millions of different antibodies are formed. This phenomenon was ®rst demonstrated by Hozumi and Tonegawa (1976; see also Tonegawa et al., 1978) . The observation was subsequently con®rmed in several laboratories using different methods. This prevailing theory of antibody formation was preceded by the selective theory of antibody formation by Jerne (1955) and Burnet (1959) . According to Jerne, all the antibodies are preformed (constitutive) in the immune system, and will be combined with the antigens, as a result of which immune complexes will be formed. These complexes are then introduced into the macrophage cells where the antigen is cleaved from the complex, and the information of the antibody is presented to the lymphocytes, which then begin to form the antibodies in huge quantities. Burnet on his part assumed that natural antibodies do not react with the antigens, but rather that speci®c clones of immunocompetent cells are selected. Further, Burnet assumed that during embryogenesis somatic mutations cause differences in the antigen receptors of the cells which will then be selected. The immunoglobulin genes, which can be called assembled genes (Dillon, 1987) , do not ®t any classical or neoclassical de®nition of the gene, since the genetic unit in the germ line and in the mature immune cell is completely different.
Overlapping Genes
The ®rst observations of overlapping genes were made in the bacteriophages ÈX 174 and G4 (Shaw et al., 1978) , and in the animal virus SV40 (Contreas et al., 1977; Fiers et al., 1978) . In the bacteriophage ÈX 174, several genes overlapped, encoding different proteins read from the same DNA strand but in different reading frames. In the G4-phage, the situation was even more complicated. In that phage the same DNA strand encoded as many as three different proteins, the messenger RNAs of which were transcribed overlappingly in all three possible reading frames. (A reading frame is a sequence of the nucleotides of DNA or RNA read in triplets; one of the three possible ways of reading a nucleotide sequence as a series of triplets. The reading frame is open when it starts with an initiator codon, which is followed by a sequence of codons coding for amino acids. An open reading frame ends with a terminator codon). In these phages, however, the genes overlapped for only a few codons. In the SV40 virus, on the other hand, the genes overlapped for as many as 122 nucleotides. Since these early ®ndings, overlapping genes have also been found in eukaryotic multicellular organisms such as Drosophila melanogaster (Spencer et al., 1986) , mouse (Williams & Fried, 1986) , and rat (Eveleth & Marsh, 1987) . Overlapping genes can be located on the same DNA strand or on opposite strands.
A particular case of overlapping genes are the so-called hidden genes, hidden frames or mini-cistrons found in the poliovirus (Pierangeli et al., 1998) .
These are short open reading frames, i.e., sequences initiated by the alternative translation initiation codons ACG, AUA, and GUG in the 5 H -terminal extracistronic region of poliovirus RNA. Mutations in all but one of the ten found of these mini-cistrons had no effect on the infectivity of full-length cDNA clones, except when they modi®ed a``hidden frame'' spanning between nucleotides 157±192 with a starting triplet ACG. The possibility, therefore, had to be entertained that a short``hidden'' frame starting with the alternative initiation codon ACG was indeed endowed with coding capacity, and that its suppression entailed the observed loss of infectivity of poliovirus cDNA.
Neither the classical nor the neoclassical view of the gene encompassed the possibility of overlapping genes, since genes were believed to reside on the chromosome always in tandem. The evolution of overlapping genes is also a dif®cult problem which, however, will not be dealt with here.
Moveable Genes
Movable genes are DNA elements that can move from one location to another in the genome of an organism. Already in the 1940s, McClintock (1947 McClintock ( , 1948 explained certain variegated phenotypes of maize by means of movable genes, which she called``control elements''. At the time, however, these elements appeared so odd that nobody really knew what to think of them. Nowadays movable genes have been found in virtually all organisms and their molecular nature is quite well known (see Berg & Howe, 1989; Cohen & Shapiro, 1980; Fedoroff, 1984 for reviews). Consequently, mobile genetic elements have became one of the most important discoveries of genetics, and Barbara McClintock was awarded the Nobel prize for physiology or medicine in 1983 at the age of 81 years.
In addition to the ability of movable genes to move in the chromosomal complement from one location to another, they can also move from one individual to another and even, to a certain extent, from one species to another at least in the genus Drosophila (see Ajioka & Hartl, 1989 and Bi'emont & Cizeron, 1999 for reviews). Movable genes thus constitute an important evolutionary factor. When jumping from one individual or from one species to another, which process is called horizontal transfer, the mobile DNA elements are covered by a proteinaceous envelope (Bi'emont & Cizeron, 1999) . The existence of movable genes shows that the hypothesis of a ®xed location of the gene in the chromosome, adopted by both the classical and neoclassical view, does not necessarily hold true.
Complex Promoters
Promoters are DNA sequences on the 5 H side of the gene, i.e., in the beginning of the gene, on which the RNA polymerase fastens when transcription begins. In all groups of organisms alternative promoters have been shown for many genes. These alternative promoters have been classi®ed into six classes by Schibler and Sierra (1987) (Fig. 3) . Certain types of alternative promoters make it possible for transcription to start from different points of the gene in different cases, and for the transcripts to have initiation codons at different positions of the chromosome. Thus, it is possible for a single gene in this case too to produce more than one type of messenger RNA molecules, encoding more than one polypeptide. This is again against the basic conceptual framework of the neoclassical view of the gene. In higher eukaryotes alternative promoters are typically tissue and/or stage speci®c, as exempli®ed by the alcohol dehydrogenase gene of Drosophila melanogaster (Benyajati et al., 1983) , the murine alpha-amylase gene (Sierra et al., 1986; Young, 1981) , and the aldolase gene of rat and man (Joh et al., 1986; Maire et al., 1987; Schweighaffer et al., 1986) . Simple and complex transcription units are distinguished according to whether the unit of transcription is controlled by one or several promoters.
Multiple Polyadenylation Sites
During the maturation of messenger RNA, i.e., during the process in which the primary transcript ripens to form messenger RNA, about 200 adenosine nucleotides are added in a polyadenylation reaction at the 3 H end. These are not coded by the corresponding gene. In certain cases, there are multiple alternative polyadenylation sites in the primary transcript. This was ®rst observed in adenoviruses (Klessig, 1977; McGrogan & Raskas, 1978; Nevins & Darnell, 1978; Wilson & Darnell, 1981; Ziff & Fraser, 1980) . In cellular genes, many alternative polyadenylation sites have also been found (see Left et al., 1986 for review). Alternative polyadenylation sites usually involve the untranslated trailer sequence in the messenger RNA, but they can also involve translated sequences, and in this case they can affect the structure of the encoded protein. Thus, multiple polyadenylation sites are one mechanism whereby a single gene can control the synthesis of more than one polypeptide. (Schibler & Sierra, 1987) .
Polyprotein Genes
In viruses, very many genes encode for one single large polypeptide which, however, after translation, is cleaved enzymatically into smaller subunits. Such polyprotein genes are also known in multicellular eukaryotes. Such are, for example, the neuropeptide genes of mammals (see Douglas et al., 1984; Scheller et al., 1984 for reviews) and the proline-rich proteins of salivary glands (Lyons et al., 1988) . Thus, polyprotein genes contradict the hypothesis adopted by the neoclassical view of the gene, that each gene encodes for a single polypeptide.
Editing of Messenger RNA
In trypanosomes, and in certain plant RNA encoded by mitocondrial DNA, a peculiar phenomenon called RNA editing has been observed. In this editing of messenger RNA, uracil nucleotides are removed and cytocine nucleotides are replaced by uracil after transcription. The information for this process comes either from the gene involved or alternatively from outside it. In the latter case, the information source is called guide RNA (see Weissmann et al., 1990 for review). Although probably a rare phenomenon, editing of RNA is contrary to the classical and neoclassical concept of the gene, since in this case messenger RNA can retrieve information from outside the gene by which it was encoded.
Pseudogenes
Pseudogenes are DNA sequences signi®cantly homologous to a functional gene which, however, have been altered so as to prevent any normal function (Rieger et al., 1991) . The ®rst pseudogene was found in the 5S DNA gene family of Xenopus laevis by Jacq et al. (1977) . It was observed that the repeat length of about 700 residues of the oocyte 5S DNA of X. laevis could be divided into a gene region coding for the 5S RNA product and a much longer`s pacer'' region separating the coding regions in the adjacent repeats (Brown et al., 1971) . Jacq et al. (1977) were able to observe that the gene lies two thirds of the way along the unit length within the G C-rich region of the repeating gene-spaces unit. Furthermore, a partially duplicated region of the sequence, the pseudogene, lies within the same G C-rich region on the 3 H side of the gene region. The pseudogene in this case is a structure in which residues 1±101 of the gene are repeated with nine or possibly a few more base changes. Pseudogenes are a common feature of many multigene families in higher eukaryotes. In fact, pseudogenes are ancient genes which have lost their function, and pseudogenes which have in the past been protein coding genes usually contain many stop codons, i.e., their reading frame has been closed during the course of evolution.
Nested Genes
Nested genes, i.e., a situation in which one gene resides within an intron of another gene, was ®rst demonstrated in the Gart locus of Drosophila melanogaster by Henikoff et al. (1986) . In this particular case the nested genes were on opposite strands of DNA. Chen et al. (1987) in turn demonstrated that in the large intron of the dunce locus of D. melanogaster there were actually two other genes residing, of which one was the known Sgs-4 gene. In this case the nested genes were on the same strand of DNA. Levinson et al. (1990) were the ®rst to demonstrate nested genes in man. The 22nd intron of the blood coagulation factor VIII gene included another gene in its opposite strand. The large intron of the human neuro®bromatosis gene includes a total of three other transcription units in two opposed orientations (Xu et al., 1990 ). The existence of nested genes is in contradiction to the central hypothesis adopted by both the classical and neoclassical gene concept, that genes are located in linear order on the chromosome.
Enhancers and Their Relation to Genetic Complementation
Enhancers are located at the 5 H and 3 H end of the gene, which respond to the signals mediated by the proteins regulating the function of the gene. Enhancers can also be located within the introns. The regulative effect of the enhancers is either positive or negative. In the latter case they are often called silencers (for reviews concerning enhancers and silencers, see for example Ser¯ing et al., 1985; Scho Èler et al., 1988) .
The relation of enhancers to genetic complementation is interesting. Denote an enhancer by E and the transcription unit regulated by it by g. In the cis-trans test, the E À g À /E g cis-heterozygote is phenotypically wild, whereas the E À g /E g À trans-heterozygote is phenotypically mutant. Thus, the cis-trans test gives a positive result. This means that we cannot, on the basis of a genetic test alone, distinguish between an enhancer and the transcription unit regulated by it; biochemical evidence is needed. Thus, by de®nition, the regulatory elements of a transcription unit, such as enhancers, have to be included in the gene itself. The ®rst enhancers were demonstrated in the SV40-virus (Banerji et al., 1981; Moreau et al., 1981) . The ®rst enhancers in nucleated cells were demonstrated in the immunoglobulin heavy chain gene (Banerji et al., 1983; Gillies et al., 1983) .
III. THE PRESENT CONCEPT OF THE GENE
The examples presented above show that none of the classical or neoclassical criteria of the de®nition of the gene hold strictly true. The current view of the gene is of necessity an abstract, general, and open one, despite the fact that our comprehension of the structure and organization of the genetic material has greatly increased. Simply put, our comprehension has outgrown the classical and neoclassical terminology. Open concepts, with large reference potential, are, however, very useful in science in general, as pointed out by Burian (1985) . In fact, it should be stressed that our comprehension of the very concept of gene has always been abstract and open, as indicated already by Johannsen (1909) .
Due to the open nature of the concept of the gene, it takes different meanings depending on the context. Singer and Berg (1991) have pointed out that many different de®nitions of the gene are possible. If we want to adopt a molecular de®nition, they suggest the following de®nition:``A eukaryotic gene is a combination of DNA segments that together constitute an expressible unit. Expression leads to the formation of one or more speci®c functional gene products that may be either RNA molecules or polypeptides. Each gene includes one or more DNA segments that regulate the transcription of the gene and thus its expression'' (p. 622). Thus the segments of a gene include (1) a transcription unit, which includes the coding sequences, the introns, thē anking sequences ± the leader and trailer sequences, and (2) the regulatory sequences, which¯ank the transcription unit and which are necessary for its speci®c function. To take a more formal de®nition of the gene, one can say that a gene consists of elements on the chromosome that give a positive result in the cis-trans test. Population geneticists can, on their part, treat the gene as a simple calculation unit segregating in the population. When Johannsen (1909) coined the term``gene'', he wished this unit of heredity to be free of any hypotheses regarding its physical or chemical nature, i.e., the genes could be treated as calculating units. Throughout the ®rst half-century of the history of genetics, the concept of the physical structure of genes remained more or less static. The gene was generally regarded as the unit of a genetic system, an indivisible entity in the processes of genetic recombination, self-reproduction, and mutation (Demerec, 1967) . The nature of genes became really more dynamic only with the development of the DNAtheory of inheritance. The gene could now be regarded as a heritable unit of function, a segment of a chromosome, in most instances a segment of a Watson±Crick DNA molecule, which speci®ed the structure of a single polypeptide chain and was made up of a large number of mutational sites, nucleotides by their material nature, biologically separable by recombination. The discoveries of gene technology beginning from the early 1970s and presented in this essay have proven that the nature of genes is even more dynamic than was thought in the late 1960s. Johannsen (1909) also coined the concepts of genotype and phenotype. He de®ned the phenotypes as fully concrete realities: the organism as it can be observed and measured. It should be stressed that this observability regards all the levels of the hierarchical biological organization beginning from the lowest molecular level and ending to the highest behavioral or functional level. Johannsen de®ned the genotype as a total whole of all the genes of an organism. Woltereck (1909) and Schmalhausen (1949) made an important contribution to the discussion on genotypes and phenotypes by introducing the concept of the norm of reaction. It is the range of potential phenotypes that a single genotype could develop if exposed to a speci®ed range of environmental conditions, i.e., it is the way in which a given genotype reacts to the environmental conditions in which it develops. The genotype determines the norm of reaction. Mahner and Kary (1997) presented a detailed analysis of the concepts of genomes, genotypes and phenotypes. They, like Brandon (1990) and Lewontin (1992) , came to the conclusion that an individual gene or allele is itself a phenotypic character. As precise as the analysis of Mahner and Kary (1997) is, however, they fail by totally neglecting the concept of the norm of reaction.
Past and Present Contemplations on Genes, Genomes, Genotypes and Phenotypes
Lewontin writes:``At the lowest level the DNA sequence of the genes itself is a phenotype, and the complete description of the DNA sequence is identical with a complete speci®cation of the genotype'' (Lewontin, p. 143) . I would, however, stress a different viewpoint. The complete DNA sequence of an organism, its genotype, is a concrete entity, but the genotype determines the norm of reaction, which, for its part, is an abstract concept. It is the total whole of the possibilities residing in the genes. This is what geneticists have recently written on genes, genotypes and phenotypes. But what about the philosophers of science? Kitcher (1992) stresses that representatives of different ®elds of biology use the term``gene'' in different ways. For example, for population genetics and evolutionary biologists, the word``gene'' in most instances still means a static unit of calculation, while molecular biologists think in terms of DNA structure and function and do not worry much about the conceptual questions. Therefore, according to Kitcher, the general discussion of genes is problematic but interesting. Finally, he himself takes a pragmatic view:``A gene is anything a competent biologist has chosen to call a gene'' (p. 131).
Waters, for his part, distinguishes the classical gene concept and the molecular gene concept. The former is, in his terminology, a genetic determinant that is responsible for a given difference in characters, while``the fundamental concept underlying the application of`gene' in molecular biology is that of a gene for a linear sequence in a product at some stage of genetic expression '' (1994, p. 178; italics original) . According to Waters, the domain of the application of the classical and molecular concepts of the gene differs because the classical term applies to regulatory regions such as operators, whereas the molecular one does not. Here he, however, unfortunately fails. According to the cis-trans test, which is still a valid operation for the de®nition of the gene, the regulatory regions such as operators or enhancers are parts of the gene itself as shown in the present essay.
Most Recent Advances in the Study of the Organization of Genomes
In recent years the whole genomes of hundreds of viruses, over a dozen bacteria, and until the summer of 2000 three eukaryotic organisms (viz., baker's yeast (Saccharomyces cerevisae), the nematode Caenorhabditis elegans, and the fruit¯y (Drosophila melanogaster)) have been sequenced. The genome of Saccharomyces cerevisae appeared to contain 5,885 genes (Goffeau et al., 1996) , and that of Caenorhabditis elegans 19,099 genes (The C. elegans Sequencing Consortium, 1998). The comparison of the yeast and nematode genomes revealed that most of the core biological functions are carried out by orthologous proteins (proteins of different species that can be traced back to a common ancestor) that occur in comparable numbers. The specialized processes of signal transduction and regulatory control that are unique to the multicellular worm appear to use novel proteins, many of which re-use conserved domains. The proteins conserved in yeast and worm are likely to have orthologs throughout eukaryotes; in contrast, the proteins unique to the worm may well de®ne metazoans (Chervitz et al., 1998) .
Surprisingly enough, the genome of the fruit¯y appeared to contain substantially fewer genes than the nematode, namely, 13,601 genes (Adams et al., 2000) . These encode for 14,113 transcripts since some genes are able to produce more than one transcript through alternative splicing. The 13,601 genes of the fruit¯y contain a total of 56,673 exons, i.e., approximately a mean of four exons per one gene. The mean density of genes in the D. melanogaster genes is one gene per nine thousand nucleotide pairs of DNA (Adams et al., 2000) . Approximately 10% of the genes are nested, i.e., located inside the introns of other genes (Ashburner, 1999a (Ashburner, , 1999b , which is an unexpectedly high proportion.
Two human chromosomes (viz., numbers 22 (Dunham et al., 1999) and 21 (Hattori et al., 2000) ), have been completely sequenced so far. These chromosomes contain 545 and 225 genes, respectively, and 2% of the DNA content of the whole human genome, giving an estimate of approximately 40,000 genes for the whole human genome, a substantially lower number than the previously anticipated 100,000.
In December 2000, the complete genome of the thale crass Arabidopsis thaliana was also decoded, this being the ®rst¯owering plant analysed so far. The genome of A. thaliana contains 25,498 genes (The Arabidopsis Genome Initiative, 2000). All of the estimates of the number of genes in different species, however, are only best approximations because of the limitations of gene binding programs.
On February 12th, 2001, a working draft of the DNA sequence covering 90% of the entire euchromatic human genome was published by the publicly funded Human Genome Organization project (International Human Genome Sequencing Consortium, 2001 ) and a commercial project (Venter et al., 2001 ). According to these reports the human genome consists of approximately 25,000±40,000 (most likely approximately 32,000 genes). Of these, around 15,000 are known genes and 17,000 predictions.
Up to this point (February, 2001) , the different sequencing projects, in addition to the work done on the human genome, include the genome sequences of 599 viruses and viroids, 205 naturally occurring plasmids, 185 organelles, 31 eubacteria, seven achaea and four eukaryotic organisms (viz., yeast Saccharomyce cerevisiseae, nematode Caenorhabditis elegans, fruit¯y Drosophila melanogaster, and the plant Arabidopsis thaliana). Philosophically, the most important result of a preliminary comparative analysis of these genomes is the surprising genetic similarity and uniformity of the whole eukaryotic empire, if not the whole of creation. Less than 1% of homologues of the predicted human proteins are found in prokaryotes only, 21% is found in all prokaryotes and eukaryotes, 32% in all organisms except prokaryotes, 24% in all animals, and 22% in vertebrates only. Only 1% of the predicted human proteins are unique to human (International Human Genome Sequencing Consortium, 2001) . However, it is important to notice that the complexity of the machinery of gene expression regulation increases with the increasing complexity of the organism (Tupler et al., 2001) .``Another notable feature of [the human genome] is the much lower gene tally than anticipated, which indicates that human complexity does not arise solely from the number of genes.''``Humans are much more than simply the product of a genome, but in a sense we are, both collectively and individually, de®ned within the genome. The mapping, sequencing and analysis of the human genome is therefore a fundamental advance in self-knowledge, it will strike a personal chord with many people. And application of this knowledge will, in time, materially bene®t almost everyone in the world'' (Danis, Gallagher, & Campbell, 2001 ).
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